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Summary

The crystal structure of a complex between the novel
homeodomain of the neural transcription factor Pros-
pero and DNA shows that the invariant residues
Lys1290, Asn1294, and Asp1297 make specific con-
tacts with the noncanonical DNA binding site. The
overall structure includes the homeodomain and the
adjacent Prospero domain and confirms that they act
as a single structural unit, a Homeo-Prospero do-
main. The Prospero domain facilitates the proper
alignment of the protein on the DNA. Knowledge of
the structure reconciles two different DNA sequences
that have been proposed as transcriptional targets for
Prospero. As in the apo structure, the C terminus of
the Prospero domain shields a short helix within the
homeodomain that includes a nuclear export signal
(NES). The structural results suggest that exposure
of the NES is not coupled directly to DNA binding.
We propose a DNA recognition mechanism specific
to Prospero-type homeodomains in developing cells.

Introduction

Prospero (Pros), a multidomain 153.5 kDa protein, is a
divergent homeodomain transcription factor (Chu-
Lagraff et al., 1991; Hirata et al., 1995; Matsuzaki et al.,
1992). Pros is expressed in all of the neural lineages in
Drosophila embryos. It is required for the proper ex-
pression of several nervous system proteins and in de-
termining the cell fate of the stem cell (neuroblast prog-
eny) in the central nervous system (Doe et al., 1991;
Hassan et al., 1997). Pros is asymmetrically localized to
the cytoplasmic membrane of neuroblasts and conse-
quently segregated into one daughter cell, the ganglion
mother cell (GMC), upon cell division. Pros then translo-
cates from the cytoplasm of the GMC to the nucleus to
initiate the differentiation toward either neurons or glial
cells (Hirata et al., 1995; Spana and Doe, 1995). In fully
differentiated neurons, Pros is degraded to undetecta-
ble levels (Vaessin et al., 1991).

The Pros family is widely distributed in developing
cells from different organisms. Within the family, there
is extensive sequence homology between Drosophila
*Correspondence: brian@uoxray.uoregon.edu
Pros and its C. elegans, chicken, mouse, and human
homologs extending over the 160 C-terminal amino
acids of the five proteins (Bürglin, 1994a, 1994b; Dudas
et al., 2004; Oliver et al., 1993; Tomarev et al., 1996).
Part of this well-conserved C-terminal region has a se-
quence that corresponds to an atypical homeodomain
(HD). The remainder is identified as a Prospero do-
main (PD).

The homeodomain is one of the most important DNA
binding motifs in eukaryotes and has provided a model
system for studying protein-DNA interactions. The
structure of the Drosophila engrailed homeodomain-
DNA complex (Kissinger et al., 1990) was the first crys-
tal structure to reveal how this motif recognizes DNA.
Since then, structures of a number of homeodomain-
DNA complexes have been determined by crystallogra-
phy and NMR (reviewed in Gehring et al., 1994; Korn-
berg, 1993; Laughon, 1991; Wolberger, 1996). These
studies have demonstrated that the overall fold and
DNA-docking arrangements of the homeodomain are
well conserved. Most homeodomains bind to very sim-
ilar DNA sites that contain the sequence TAAT and typi-
cally have differential DNA binding specificity for the
two base pairs following the conserved core binding
sites (Fraenkel et al., 1998).

Atypical homeodomain proteins (like members of the
Pros family) are structurally homologous to typical ho-
meodomain proteins but display significant variation in
sequence (Bürglin, 1994a). This may explain why Pros
binds to a noncanonical DNA sequence (Cook et al.,
2003; Hassan et al., 1997) and raises the possibility that
it may use a somewhat different DNA recognition mode.

Atypical homeodomain structures have been solved
previously (Ceska et al., 1993; Wolberger et al., 1991)
and threading analysis predicted that the putative Pros-
pero homeodomain was capable of assuming an atypi-
cal homeodomain structure (Banerjee-Basu et al.,
1999). Crystal structure determination of the C-terminal
region of Prospero (residues 1245–1403; Figure 1A) re-
vealed that this region does indeed include a novel ho-
meodomain (HD) structure (Ryter et al., 2002) but, unex-
pectedly this HD forms an integral structural unit with
the adjacent Prospero domain (PD), a domain that is
unique to Pros and its family. The combined structural
unit is called Homeo-Prospero (HPD) domain.

At the extreme C terminus of the HPD domain, a
short helix is masked by the PD. When this helix is un-
masked, Prospero is exported from the nucleus (Bi et
al., 2003). Therefore, it was suggested that the structure
assumes a closed form that is essential for nuclear lo-
calization and is prearranged for DNA binding.

The C-terminal 236 amino acids of Pros, which in-
cludes the HPD and an additional amino-terminal 70
residues, was shown to bind a novel DNA sequence
and activate the transcription of reporter genes in tran-
siently transfected tissue culture cells (Demidenko et
al., 2001; Hassan et al., 1997). Here we report the crys-
tal structure of the Pros HPD (the most conserved 160
C-terminal amino acids) in complex with this DNA se-
quence. The structure helps understand the molecular
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Figure 1. Overall Structure of the Homeo-Prospero Domain (HPD) and its Complex with DNA

(A) The amino acid sequence and secondary structure of the Prospero HPD domain. The homeodomain region (HD) is shown in red, the
Prospero domain (PD) in green.
(B) Stereo view showing the complex between the protein and the DNA. The color-coding is as in (A) with the DNA shown in orange. The
recognition helix connects the HD to the PD. The PD finger restricts the DNA binding site to the N-terminal part of the recognition helix.
The C terminus of the PD also shields a helix that contains the nuclear export signal (NES) that lies within the HD. Dashed lines indicate
disordered residues.
basis for recognition of the noncanonical DNA binding s
asite. We have identified the invariant residues that

specifically contact the DNA and propose a recognition
Cmechanism that might be specific to Pros-type atypical
dhomeodomains.
H
t

Results and Discussion t
a

Overall Arrangement of the Prospero t
HPD/DNA Complex a
The asymmetric unit of the Prospero HPD/DNA com- (
plex consists of a single copy of the Pros HPD bound t
to a 10 bp DNA duplex that includes the consensus i
sequence of Hassan et al. (1997) (see Experimental h
Procedures). In summary, the HD region contains three (
helices that are very similar to the overall fold of canoni-
cal homeodomains while the PD region is composed of s
a four-helical bundle with up-down-up-down topology h
(Figure 1B). The DNA-recognition helix bridges between t
the HD and the PD domains. The structure of HPD in c
the complex is essentially identical (rmsd 0.5 Å) to the t

napo form (Ryter et al., 2002). This close structural corre-
pondence confirms that the HD and the PD regions
ct as a single HPD structural unit.
In the structure of the apo protein the extreme
-terminal residues of the PD were seen to mask the
efined nuclear export signal (NES) that is within the
D region. Because the structure of the complex shows

he conformation of five additional residues at the C
erminus (see Experimental Procedures) it allows this
rrangement to be seen more fully. The C terminus of
he PD includes two consecutive 310 helices that “wrap
round” the surface of the α helix that includes the NES

Figures 1A and 1B). The amino acid sequence between
he two 310 helices includes a proline (Pro1396) that is
nvariant in Prospero family members and presumably
elps define the sharp bend that occurs at this point

Figure 1B).
The DNA decamer in the crystal is a relatively straight

egment of right-handed helical B DNA. The average
elical twist is 34.4°, which corresponds to 10.5 bp per
urn. Successive decamers are stacked end-to-end and
reate a pseudo-continuous duplex running through
he crystal (Figure 2). Each decamer is related to the
ext by a crystallographic 2-fold axis that is normal to
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Figure 2. Stereo View along the Pseudocontinuous Helix in the Crystal

Two symmetry mates are related by a 2-fold axis with their N termini about 20 Å apart.
the long axis of the DNA and passes between succes-
sive duplexes.

Comparison with the Engrailed Homeodomain
In the HPD complex, the recognition helix spans the
DNA duplex parallel to the sugar-phosphate backbone.
The HD portion of this “hybrid” helix fits into the major
groove with several of its side chains making specific
contacts with the DNA. The hydrophobic face of this
helix packs against the other helices in the structure to
form the core of the protein (Figure 1B). To compare
the mode of binding of the HPD to DNA with that of a
“standard” homeodomain, we superposed the struc-
ture of the HPD-DNA complex on that of the Engrailed
homeodomain (Kissinger et al., 1990) (Figure 3). The two
structures were aligned by superimposing the back-
bone of the Engrailed homeodomain on that of the
Prospero homeodomain. As can be seen, the two ho-
meodomains superimpose remarkably well, except at
 phosphate moiety of the critical adenine at base pair 2.

Figure 3. Comparison of DNA Binding by Homeo- and Homeo-Prospero Domains

Superposition of the HPD-DNA complex, colored as in Figure 1B, on that for the Engrailed homeodomain (Kissinger et al., 1990), colored in
cyan with DNA in dark blue. The two complexes are superimposed based on the respective homeodomains (Prospero in red, Engrailed in
cyan), which have very similar structures. As can be seen, the respective DNA targets have very different orientations. The PD finger of the
HPD structure appears to restrict the alignment of the DNA and prevent it assuming an orientation similar to that in the Engrailed complex.
their N termini. The respective DNA targets, however,
have very different alignments with the axis of one DNA
duplex tilted by about 36° relative to the other.

If one attempts to align the DNA in the HPD:DNA
complex so that it corresponds to the Engrailed-DNA
complex, there is an obvious steric clash with part of
the PD (Figure 3). In particular, there is a protruding fin-
ger of the PD, made up of helices α5 and α6 plus a
connecting 310 helix, that contacts the DNA and ap-
pears to act as a structural guide that limits the pos-
sible orientations of the protein as it binds to the DNA
(Figures 1B and 3).

Contacts with the Phosphate Backbone
Most of the contacts made by the protein with the DNA
are in the vicinity of base pairs 2–4 (Figure 4B). These
include sequence specific and nonspecific contacts.
The invariant residues Trp1291 and Gln1287 contact the



Structure
604
l
c
r
c
c
r
s
f
L
p
e
b
�
4
p
t
(
p
a
s
c
m
u

m
fFigure 4. Recognition of DNA by the Homeo-Prospero Domain
T(A) The upper DNA sequence, in black, is the consensus reported
aby Hassan et al. (1997) for preferential binding by Prospero. The

yellow boxes indicate the base pairs that are most strongly favored. e
Noncolored boxes indicate sites that can be occupied by more b
than one base with uppercase letters indicating a stronger prefer- t
ence. N indicates sites at which there is no apparent preference.

sThe sequence shown in red is a proposed transcriptional target for
nPros in the Drosophila genome (Cook et al., 2003). The consensus
rsequence is underlined and the two bases that were found to be

most critical for Pros binding are highlighted. The black and the t
red sequences are aligned based on the structure of the HPD-DNA c
complex (see text). r
(B) Sketch summarizing all the contacts made by the Pros HPD.

dThe red lines define the consensus sequence. Phosphates are rep-
lresented with circles; blue circles show phosphates that are con-
atacted by HPD (residue names are in blue). The thick black lines

show major groove contacts made by the HPD (residue names are
in black). The gray line indicates a water-mediated contact. A

C

i

The invariant Lys1376 contacts the phosphate group at f
base pair 4. This interaction is particularly important q
since it involves the PD finger and the DNA backbone. c
Lys1282 (either Lys or Arg in the Pros family) contacts f
the phosphate group of the cytosine at base pair 8.
In addition, Arg1339 (lysine in some family members) p
contacts the guanine backbone at what would corre- m
spond to base pair −4 in Figure 4B). In the crystal this u
contact is to a separate piece of DNA, but since this p
DNA extends the helix in a pseudocontinuous manner a
we assume that this contact would also occur when a
HPD binds to a sufficiently long segment of con- t
tinuous DNA. p

p
wInvariant Residues and Critical Contacts

with the DNA a
sLys1290, Asn1294, and Asp1297 are conserved in every

member of the Prospero family (Ryter et al., 2002) and o
ie within the exposed hydrophilic face of the HD re-
ognition helix. In the crystal structure, these invariant
esidues occur in the section of the recognition helix
losest to the major groove and make sequence-spe-
ific contacts with the DNA (Figures 5A and 5B). This
egion of the DNA also corresponds to part of the con-
ensus sequence that was identified in a screen for pre-
erred binding sites (Hassan et al., 1997; Figure 4A).
ys1290 makes a hydrogen bond with guanine at base
air 3 by donating a proton to the O6 position. A mod-
st rotation of this side chain would allow it to hydrogen
ond also with N7, but the distance between the
-amino group of side chain and N7 of the guanine is
.3 Å in the current structure. An interaction that Pros-
ero HPD shares with all homeodomain structures is
he bidentate hydrogen bonding between Asn1294
conserved in all HD proteins) and the adenine at base
air 2. Asn1294 donates a hydrogen bond to N7 and
ccepts a hydrogen bond from N6. This explains the
trong preference for the adenine base at this position
ompared to the guanine. Asp1297 makes a water-
ediated interaction with the thymine at base 2 (Fig-

re 5B).
These protein residues that contact the DNA have
ore or less the same side chain conformation in the

ree (Ryter et al., 2002) and the DNA bound structures.
his suggests that once Pros is in the nucleus (i.e.,
dopting the closed conformation to mask the nuclear
xport signal), these amino acids are preorganized to
ind to the DNA. Unexpectedly, the base pairs at posi-
ions 7 and 8 (Figure 4B), which were identified as being
trongly preferred in the binding assay (Figure 4A), do
ot make a base-specific contact with the protein. This
aises the possibility that some additional residues at
he N terminus of the Pros HPD may be involved in spe-
ific contacts at this region. This assumption seems
easonable in that the consensus sequence was de-
uced using a protein construct that is 70 residues

onger at the N terminus end of the HPD (Hassan et
l., 1997).

n Alternative Transcriptional Target for Prospero
ook et al. (2003) have shown that Prospero is involved

n photoreceptor development in Drosophila. They also
ound that Prospero preferentially recognizes the se-
uence element AAGACG but could not detect signifi-
ant similarity between this element and that previously
ound by Hassan et al. (1997).

In the crystal structure of the HPD-DNA complex re-
orted here there are two adjacent base pairs that
ake sequence-specific contacts with the protein (Fig-

re 4B). The sequence of this dinucleotide (5#A-G3#) is
resent in the sequence element of Cook et al. (2003)
nd leads to the alignment shown in Figure 4A. When
ligned in this way there are no contradictions between
he sequence of Cook et al. (2003) and the consensus
roposed by Hassan et al. (1997). In particular, the base
air at position 6 (GC) (Cook et al., 2003) is consistent
ith the preference for GC or AT at this site (Hassan et
l., 1997). More important, however, Cook et al. (2003)
howed that mutation of either the A or G at sites 2
r 3 drastically decreased binding to Prospero. Thus it
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Figure 5. The Sequence-Specific Base Contacts Made by Invariant Residues of the Pros HPD

(A) The region of contacts (highlighted) relative to the overall arrangement of the complex.
(B) A stereo view showing details of the base contacts. Putative hydrogen bonds are indicated in dotted lines. The figure includes a sigmaa-
weighted 2Fo − Fc map (Read, 1986) contoured at 1σ.
appears that the data of Hassan et al. (1997) and Cook
et al. (2003) can be reconciled by aligning their respec-
tive target sequences as in Figure 4A.

Relationship between DNA Binding and Unmasking
of the Nuclear Export Signal
The Pros HPD-DNA structure described here reveals
that the NES is masked, similar to the apo structure.
It is an open question whether masking the NES is a
prerequisite for DNA binding (or vice versa). However,
the C-terminal segment of Pros that masks the NES is
on the opposite side of the protein to the DNA binding
region. This suggests that DNA binding is not directly
coupled with masking or unmasking of the NES. It is
also consistent with the observation that the structure
of the HPD is essentially identical in the apo and DNA
bound forms and, in particular, that the NES remains
masked in both structures. The present structural re-
sults therefore suggest that DNA binding and exposure
of the NES are not directly coupled.

The N Terminus of the HPD and a Proposed DNA
Recognition Mechanism
In most HD structures there is a flexible region, called
the N-terminal arm, which extends from the N terminus
of the first helix and wraps around the DNA to make
base-specific and phosphate backbone contacts in the
minor groove, supplementing the contacts made by the
recognition helix (Fraenkel et al., 1998; Grant et al.,
2000; Mathias et al., 2001). In the Prospero HPD-DNA
complex structure, the N terminus actually points away
from the minor groove (Figures 2 and 3). The N termini
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ITable 1. Data Processing and Structural Refinement Statistics
t

Data Processing g
Space group P32212 P
Unit cell dimensions (Å) a = b = 44.7, c = 226.6 s
Monomers per asymmetric unit 1 n
Resolution range (outer shell) (Å) 30–2.8 (2.85–2.8) H
Number of observations 20,738

rNumber of unique reflections 6,354
mCompleteness (outer shell) (%) 90 (85.8)

Rsym (outer shell) (%) 3.8 (10.0) w
I/σ(I) (outer shell) 33 (7.5) o

sStructural Refinement
cResolution range (Å) 30–2.8
oRwork/Rfree (%) 21.7/28.2
fRms deviations

Bond lengths (Å) 0.006 o
Bond angles (°) 1.1 c

Distribution of (ϕ,φ) for most 100 s
favored and additionally allowed

mregions (%)
pTotal number of non-hydrogen 1,659
tatoms

Number of water molecules 15
E

S
of two symmetry mates in the crystal are relatively P
close to each other (w20 Å) along the pseudocon- T

atinuous DNA double helix (Figure 2). Similarly, if two
Tmonomers were to bind to a palindromic DNA se-
cquence, which has 2-fold symmetry, their N termini
H

would also be positioned close in space. This suggests g
that in the full Prospero protein the extension at this N c
terminus might provide a dimer or other interface that m

twould allow the HPD and its partner to bind to longer
aDNA sequences than used in the present study. In this
mcontext it has been shown that the extreme N terminus
D

of the HPD along with 70 additional residues (residues T
1171–1288) can bind and modulate homeodomain A
activities of other proteins (Hassan et al., 1997). t

tAn increase of DNA binding affinity and sequence se-
tlectivity due to the formation of cooperative complexes
c(heterodimers) has been observed for homeodomain
o

proteins in developing cells both in Drosophila (Passner t
et al., 1999) and in human (Mann and Chan, 1996). Such C
complex formation can reconcile the highly specific in T

pvivo function of many DNA transcription factors with
Rtheir low specificity in vitro.
aIt is possible that Pros could bind to a palindromic
w

sequence as a homodimer, or to a nonpalindromic se-
quence as a heterodimer. Prokaryotic homeodomains D
bind to palindromic sites as homodimers while many D

(eukaryotic homeodomains bind to DNA either as homo-
tor heterodimers (Luscombe et al., 2000). The fact that
mHPD alone makes relatively few contacts with the DNA
u(Figure 4B) also suggests that these interactions might
H

be supplemented by a partner protein. In this context, w
the role played by the PD to limit the orientation of the r

(recognition helix could be particularly important since
(it not only orients the key residues optimally for DNA
bbinding but also exposes the N termini of the HPD,
2bringing them close together.
t

In summary, we conclude that the following steps a
may be involved in Pros function as a transcription 1

sfactor and gene regulator in developing neural cells. (1)
n the neuroblast, Pros is in an open state that allows
he NES to direct nuclear export of Pros. (2) In the gan-
lion mother cell (GMC), a physiological signal induces
ros to adopt a closed conformation so that the PD
hields the nuclear export signal and Pros enters the
ucleus. (3) Once in the closed conformation, the Pros
PD is preorganized for DNA binding. The Pros PD ste-

ically restricts alignment of the protein on the DNA and
ay help position the N-terminal region for interaction
ith a suitable partner. (4) Sequence-specific contacts
f Pros at one end of the consensus site help confer
pecific recognition. (5) Putative sequence-specific
ontacts with a different region of the protein at the
ther end of the optimal site might enhance the speci-
icity and stability of the complex. (6) Putative homo-
r hetero-dimerization events could further stabilize the
omplex and allow Pros to function as either a tran-
cription factor or a cofactor. (7) In the neuron, the NES
asking signal is turned off or blocked so that cyto-
lasmic Pros adopts a more open structure, reexposes
he nuclear export signal, and exits the nucleus.

xperimental Procedures

ample Preparation
rotein Expression and Purification
he C-terminal of Pros (residues 1241–1403) was overexpressed
nd purified essentially as described previously (Ryter et al., 2002).
he only difference is that a pET15b-based vector that adds a
leavable N terminus His tag (instead of C terminus noncleavable
is tag) was used during cloning. The N terminus His tag was di-
ested by incubation with TEV-protease, overnight, at 16°C. The
leaved tag was then removed by passing the digestion reaction
ixture through a Ni-NTA agarose (Qiagen) column. The removal of

he tag and the purity of the sample were confirmed by matrix-
ssisted laser desorption/ionization time-of-flight (MALDI-TOF)
ass spectrometry and SDS-PAGE electrophoresis.
NA Preparation
he sequence of the DNA used for cocrystallization was 5#-AGC
TGCCTG-3#, together with the complementary strand. It contains
he consensus sequence 5#-CATGCCT-3# that preferentially binds
o Prospero (Hassan et al., 1997). The single-stranded oligonucleo-
ides (cartridge purified, Invitrogen) were dissolved in 100 mM Na-
acodylate buffer (pH 7). To form duplex DNA, equal molar ratios
f the single strands were mixed and heated to 90°C for 5 min and
hen cooled slowly to room temperature over a period of 1 hr.
omplex Formation and Crystallization
he complex was formed with 1:1.3 molar ratio of Prospero to du-
lex DNA (0.5 M protein [w20 mg/ml] was mixed with 0.65 M DNA).
ather small crystals (0.1 × 0.15 × 0.15 mm) were grown in 3 weeks
t 4°C using the hanging drop vapor diffusion method against a
ell solution containing 100 mM citrate (pH 5.0) and 24% PEG4000.

ata Collection and Structure Determination
iffraction data were collected at the Advanced Light Source

beamline 8.3.1, λ = 1.0 Å) at 100 K, with 20% glycerol as a cryopro-
ectant. Although the crystal diffracted strongly to 2.5 Å, the align-
ent of the crystal axes relative to the detector made it difficult to

se data beyond 2.8 Å. Data were integrated and scaled using the
KL suite of programs DENZO, XDISPLAYF, and SCALEPACK (Ot-
inowski and Minor, 1997). The structure was solved by molecular

eplacement (Rossmann, 1972), using the Prospero apo structure
Ryter et al., 2002) as a search model, and refined using CNS
Brunger et al., 1998). Rfree was 44% after a few cycles of rigid-
ody refinement. The DNA duplex was unambiguously identified in
Fo − Fc and Fo − Fc electron density maps and a DNA model with
he correct sequence was constructed. The program O (Jones et
l., 1991) was employed for the manual building of the model and
5 water molecules were added. Later, electron density was ob-
erved for five residues at the C terminus, which were then added
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(1397–1401). These residues were disordered in the apo form (Ryter
et al., 2002), possibly due to the existence of a highly mobile
C-terminal His tag. As in the apo structure, however, residues
1314–1326 were disordered and were not modeled. A summary of
the data processing and refinement statistics is given in Table 1.
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